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Primary culture of rabbit proximal tubules as a cellular model to study
nephrotoxicity of xenobiotics. The effects of gentamicin treatment on
functions of the plasma membrane-bound proteins in situ were investi-
gated in primary culture of rabbit proximal tubular cells (PTC), a
recognized model of renal epithelial cells. Activities of apical and
basolateral enzymes, activities of phosphate, glucose and alanine
sodium-coupled transport systems and leakage of the cytosolic enzyme
lactate dehydrogenase (LDH) were determined in FTC grown in glu-
cose-free culture medium as confluent monolayers and incubated with
the aminoglycoside. Gentamicin altered in a concentration- and time-
dependent manner the activity of dipeptidyl peptidase IV (DPP IV),
neutral aminopeptidase (NAP), NaK-ATPase and the maXofsodi-
um-dependent glucose and phosphate uptake, whereas yglutamyl-
transpeptidase (GGT) and sodium-dependent alanine uptake were un-
affected. Identical concentration of gentamicin was required to induce
LDH leakage and cell functions impairment. In contrast, under short
time exposure, a condition where the enzyme activities were un-
touched, mercuric chloride inhibited to a similar extent the activity of
the three sodium-coupled transport systems. These data suggest that
whereas alterations in membrane fluidity might mediate the effects of
gentamicin on membrane functions, the inhibition of transports by
mercuric chloride rather reflects an effect on sodium permeability of the
apical membrane. They also suggest that study of Na-coupled trans-
ports in proximal tubular cells grown in primary culture is a simple and
sensitive in vitro model to assess drug-induced nephrotoxicity.
Established cell lines and primary cultures are now widely
accepted models of renal epithelial cells. They are a powerful
tool to study epithelial transport and its regulation by metabo-
lism, hormones and drugs [1]. They allow an evaluation of the
effect of nephrotoxic drugs upon long exposure. LLC-PK1 cells
that exhibit several properties of renal proximal tubular cells
were previously used as a model to study proximal tubule injury
by xenobiotics [2—4]. Because LLC-PK1 cells lack several
features of proximal tubules including PTH-sensitive adenylate
cyclase and PTH-modulated phosphate transport, primary cul-
tures of proximal cells (PTL) were proposed as an alternative
material for studying proximal tubule nephrotoxicity [5]. Ami-
noglycoside antibiotics are well-known nephrotoxic agents.
They cause a wide variety of biochemical, functional, and
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morphological alterations of renal proximal tubular cells in
experimental animals and in humans [6]. Indeed, primary
cultures of proximal cells originating from rat or rabbit have
been previously used as in vitro models to evaluate aminogly-
cosides toxicity. Gentamicin was shown to affect Na-glucose
cotransport [7] in rat PTC. In rabbit PTC, gentamicin induced
disorders of phospholipid metabolism as in vivo [8], but conse-
quences of these changes on membrane function were not
investigated.
The purpose of the present study was to evaluate, in rabbit
proximal tubular cells grown in primary culture, the effect of
gentamicin on plasma membrane enzymes and transport sys-
tems of the apical membrane. We show that gentamicin affects
the activity of several membrane-bound enzymes and cotrans-
port systems. This toxicity pattern contrasted with that of
mercuric chloride which altered univocally sodium-dependent
cotransport systems under conditions which did not affect
membrane-bound enzymes activity.
Methods
Materials
Insulin, transferrin, dexamethasone, a-methyl-D-glucopyra-
noside (AMG), L-alanine, sodium selenite, type 1 collagenase
and phlorizin were purchased from Sigma Chemical (St. Louis,
Missouri, USA). Percoll was from Pharmacia AB (Uppsala,
Sweden). Gentamicin was from Unicet (Levallois-Perret,
France). Radioisotopes were purchased from: Amersham (Am-
ersham, UK) for a-methyl-D[U-'4C]-glucopyranoside and
L-[2,3-3H] alanine and from New England Nuclear (Boston,
Massachusetts, USA) for K2H32P04. Culture media were from
Eurobio (Paris, France). Hank's balanced salt solution was
from Gibco (Paisly, Scotland, UK). Plasticware was from
Costar (France). All other chemicals were of analytical grade.
Cell culture
Primary cultures of rabbit renal proximal tubules were pre-
pared as described previously [9]. Briefly, kidneys were re-
moved aseptically from anesthetized New Zealand rabbits (0.9
to 1 kg), decapsulated, cut in half, the medulla was dissected
out and the cortex was sliced with a Stadie-Riggs microtome.
The slices were pooled in ice-cold Hank's balanced salt solution
which contained 10 mM HEPES (pH 7.4) (HBS-HEPES),
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washed three times in HBS-HEPES and placed in 10 ml of
culture media containing 25 mg of bovine serum albumin and
collagenase (final concentration 0.5 mg/mi). This suspension
was transferred to a trypsinizing flask, and incubated under
gentle stirring, during 30 minutes at 37°C in a 5% C02-95% air
atmosphere. The digestion procedure was stopped by addition
of cold HBS-HEPES. The suspension was strained to remove
large debris and the effluent was gently centrifuged (100 g) for 30
seconds and washed three times with cold HBS-HEPES. The
pellet was resuspended in 5% albumin culture media solution,
kept in ice for five minutes, and centrifuged as above. The tissus
pellet was resuspended in 50% Percoll solution for the separa-
tion of tubules fragments as described by Vinay, Gougoux and
Lemieux [10]. The F4 band on the percoll gradient, composed
of proximal tubules, was removed and washed two times in
HBS-HEPES and one time in glucose-free culture media. The
final pellet was resuspended in the culture media and seeded in
24-well plastic trays ([2—5] iO fragments/well) which had been
coated with NH3-reconstituted rat's tail collagene. Culture
medium was a 50:50 mixture of Dulbecco's modified Eagle
medium (DMEM) and HAM F12 without glucose supplemented
with 1.2 mglml sodium bicarbonate, 100 n sodium selenite, 1%
non-essential amino acid, 1 m sodium pyruvate and 5 niM
glutamine. Growth supplements [insulin (5 sgIml), transferrin (5
pg/mi) and dexamethasone (100 nM)] were added to the culture
media just before use. Fifty U/mi penicillin and 50 pg/nil
streptomycin were added to the culture medium only the day of
seeding. Medium was changed on the second day and then on
alternate days. Cells were grown at 37°C under a 5% C02-95%
air atmosphere. Previous studies have shown that such culture
conditions allowed selective growth of PTC which maintained
differentiated properties for up to two weeks [9]. In particular,
exclusive proximal phenotype expression was assessed from
fluorescent staining with anti-neutral endopeptidase (anti-NEP)
antibodies and hormone-sensitive adenylate-cyclase [9, 11].
Toxicity study
(1) Gentamicin. Cells were used at day 8 after plating, that is,
two days after confluence was reached. Cells were exposed to
fresh culture medium with different concentrations of genta-
micin (0.02 to 10 mM). Control cells were kept in the same
culture medium without any antibiotic. Enzyme assays and
uptake studies were performed after 48 hours of incubation.
(ii) Mercuric chloride. Cells were exposed to different con-
centrations of mercuric chloride (0.01 to 5 j.tglml) for 30
minutes. Higher concentrations induced detachment of cells
from their support. Preliminary experiments have shown that,
in these experimental conditions, HgCl2 did not significantly
alter the activity of enzymes assayed. Toxicity studies of
mercuric chloride were conducted on the same day as the
uptake measurement for gentamicin-treated cells. Enzyme as-
says and uptake studies were performed just after the incuba-
tion period in the presence of HgC12.
Cellular viability was estimated by ability to exclude the vital
dye, trypan blue. Control and treated cells excluded trypan
blue. Protein content per well was not significantly different
from control in cells treated with up to 5 niM gentamicin. Ten
niM gentamicin reduced by 10% protein content.
Enzyme assays
Three different kinds of enzymatic markers were assayed: (i)
lactate dehydrogenase (LDH), a marker of non-specific cellular
injury [5, 12]; (ii) three apical membrane-bound enzymes [y-glu-
tamyl transpeptidase (GGT), dipeptidyl peptidase IV (DPP IV)
and neutral aminopeptidase (NAP)]; and (iii) NaK-ATPase a
marker of the basolateral membrane. Leakage of LDH into the
supernatant was measured by the method of Mitchell, Santone
and Acosta [13] using the standardized assay Enzyline (Bi-
omérieux, France). Each determination was standardized with
respect to the total protein content of the corresponding well.
The other enzyme activities were assayed on cellular homoge-
nates. Cells were washed in ice-cold isotonic phosphate-buff-
ered saline (PBS), scraped, suspended in PBS and homoge-
nized. Methods used for the enzymatic determinations were
those of Naftalin et at [14] for the GGT, Nagatsu et al [15] using
glycyl-L-proline-4-nitronilide as substrate for the DPP IV (EC
3.4.14.5), Maroux, Louvard and Battari [16] using L-alanine-p-
nitroaniline as substrate for the neutral aminopeptidase (EC
3.4.11.2) and Post and Sen [17] for the NaK-ATPase (EC
3.6.1.4). Protein was assayed with the Coomasie Protein assay
reagent (Perce, USA) according to Bradford [18] using bovine
serum albumin as standard. Enzyme activities are expressed as
milliunits (mU) per mg protein except for NaK-ATPase
activity which was expressed as mol Pi/mg protein/iS mm.
Transport studies on cell monolayers
Uptake measurements were performed on attached cells as
described [19]. Transport medium contained (in mmol/liter); 137
NaCl, 4.7 KC1, 1.2 KH2PO4, 1.2 MgSO4, 2.5 CaCI2, 4 mrvi
L-glutamine, 10 HEPES buffer (pH 7.2) and 0.1 mg/mi bovine
serum albumin. KH2PO4 or L-glutamine were omitted in the
uptake medium when phosphate or alanine transport were
studied, respectively. To achieve sodium-free medium, sodium
was replaced isoosmotically by N-methyl-D-glucamine. Cell
monolayers were washed three times at 37°C with substrate-
free transport medium before incubation at the same tempera-
ture in the uptake medium in the presence of K2H32P04 (0.5
pCi/nil) or a-methyl-D[U-'4C]-glucopyranoside (0.5 pCi/mi) or
L-[2,3-3H] alanine (1 pCiIml), and appropriate concentration of
KH2PO4, a-methylglucopyranoside (AMG) or L-aianine. Pre-
liminary experiments showed uptakes were linear up to 60
minutes for AMG, 15 minutes for phosphate and 10 minutes for
alanine. Uptakes were terminated by adding ice-cold substrate-
free transport medium. Monolayers were rinsed three times
with the stop solution, solubilized with NaOH 1 N and pro-
cessed for scintillation counting. An aliquot of the solubilized
cells was kept for protein determination.
Presentation of data
Na-dependent uptakes were calculated by subtracting up-
takes values measured in the presence of N-methyl-D-gluca-
mine from those obtained in presence of sodium. Values in
figures or tables are means SD of at least three different
experiments in which triplicates were obtained. Michaelis con-
stant (Km) and maximum velocity (Vma) were calculated using
standard Michnelis-Menten analysis (Enzfitter, Biosoft). Statis-
tical analyses were performed with StatviewSE using a MacIn-
tosh SE microcomputer. Comparisons were done by one-way
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analysis of variance, and significant differences were estimated
with confidence interval of 95%.
Results
Enzyme activities of gentamicin-treated cells
LDH activity in the supernatant of control cells was 75.6
5.2 mU/mg protein. Addition of gentamicin for 48 hours to the
culture medium caused a concentration-dependent LDH leak-
age (Fig. 1). Gentamicin (2 mM) for 48 hours increased signifi-
cantly (P < 0.05) LDH leakage from 75.8 to 132.2 mU/mg
protein.
Three enzymes of the brush border membrane (BBM) and
one enzyme of the basolateral membrane were studied (Fig. 2).
The highest concentration of gentamicin used (10 m for 48 hr)
had no significant effect on the activity of GGT (500 66 and
553 31 mU/mg protein for control and treated cells, respec-
tively). In contrast, DPP IV and NAP were equally affected by
gentamicin with a decrease in activity of about 25% at 2 mM.
NaK-ATPase activity was not affected by gentamicin con-
centrations below 2 m, then dropped.
Transport studies
Figure 3 shows the effect of gentamicin on the activity of
three sodium-dependent transporters. AMG uptake declined
more rapidly than phosphate uptake for concentrations of
gentamicin lower than 2 m. However, 3.5 m of gentamicin
for 48 hours caused 40% inhibition of both transports. Alanine
uptake was not sensitive to up to 10 mM gentamicin. We also
tested time dependency of the gentamicin effect on AMG
uptake (Fig. 4). After four days of treatment, 1 mx gentamicin
caused a 50% inhibition of AMG uptake, that was similar to the
one obtained after treatment with 5 m gentamicin for 48 hours
(Fig. 3). Gentamicin treatment modified max but not the
affinity of the AMG and phosphate uptakes (Table 1).
To assess the specificity of gentamicin toxicity on transport,
we also incubated PTC with HgCl2, a well-known nephrotoxic
agent. As expected from preliminary experiments, HgCl2, at
concentrations up to 5 g/ml, had no significant effect on the
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Fig. 2. Inhibition of specffic activity of NaK-ATPase, DPP IV and
NAP following treatment of primary cultures of PTC with different
concentrations of gentamicin for 48 hours. Data are also presented as %
of the specific activity found in the control cells: CGT (0), NAP (•),
DPP IV (A) and NaK-ATPase (. Values are the mean SD of 5
different cultures.
brush border and basolateral enzymes assayed (Table 2). In
contrast, HgCl2 depressed, to the same extent, the activity of
the three Nat-dependent transport systems (Fig. 5). This
treatment diminished the Vmax but did not modify the Km of the
transporters (Table 1).
Discussion
The present experiments demonstrate that, in primary cul-
tures of proximal tubules, gentamicin treatment affects to
various extent the activity of plasma membrane-bound en-
zymes, Na1K-ATPase being severely depressed whereas
GGT is untouched. Similarly, gentamicin treatment results in
alterations of glucose and phosphate, but not alanine, sodium-
coupled transport. This contrasted with the effects of short
period HgC12 treatment which inhibits to a similar extent the
three transport systems without any effects on enzymes activ-
ities. Finally, comparison with LDH release data points out that
besides the increase in cell death, some cellular functions of
remaining viable cells are markedly altered by gentamicin.
Taken together these data reinforce the view that primary
culture of proximal tubules is a useful tool for nephrotoxicity
studies.
The observation that in primary cultures of rabbit proximal
tubular cells gentamicin affected to various extent the activity
of membrane-bound enzymes and sodium-dependent transport
systems is in agreement with the data obtained by Levi and
Cronin [20] in rat chronically treated by gentamicin. Thus, in rat
kidney cortex, three days of gentamicin administration resulted
in a marked inhibition of NaK-ATPase and alkaline phos-
phatase activity but had no effect on maltase and leucine
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Fig. 1. LDH leakage following treatment of primary cultures of PTC
grown in absence of glucose with different concentrations of gentami-
cm for 48 hours. Values are the mean SD of 6 different cultures;
triplicate determinations were done.
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Fig. 3. Sodium-dependent uptakes of AMG, alanine and phosphate
following treatment of primary cultures of FTC grown in absence of
glucose with different concentrations of gentamicin for 48 hours. Data
are also presented as % of the uptake obtained for control cells: AMG
(•), alanine (A) and phosphate (U). Values are the mean SD of 5
different cultures.
aminopeptidase while only part of the sodium-dependent trans-
port systems were affected. The inhibitory effect of gentamicin
on NaKtATPase activity was documented earlier [21, 22]
and"hown to depend on the entry of the aminoglycoside within
the cells [22]. A potential bias comparing cell culture and in vivo
data, is an effect of the xenobiotic on cellular growth and
differentiation. Because in our cell culture conditions the activ-
ity of the enzymes and transport systems chosen are already
fully expressed at day 7, that is, when starting the gentamicin
treatment, and remained practically stable within the next five
days in controls [9], the observed decrease in activities could
not be attributed to a non-specific effect of gentamicin on cell
maturation processes. This probably explains the differences
between our data and those reported for LLC-PK1 cells where
gentamicin exerts a marked inhibitory effect on the develop-
ment of GOT activity [3].
Gentamicin treatment of primary cultures of rabbit proximal
tubules decreased the sodium-dependent Pi uptake, lowering
the rnax of the system. A similar situation was reported for
isolated brush border membrane vesicles from treated rats [20].
We also observed an inhibition of sodium-dependent glucose
transport which was previously reported to occur in primary
culture of proximal tubular cells from normal rat kidney [7] and
in LLC-PK1 [3]. That sodium-alanine cotransport was not
affected by gentamicin up to 10 m ruled out a non-specific
effect of the aminoglycoside on the transmembrane sodium
gradient.
Taken together these data indicate that, as regards to gen-
tamicin, plasma membrane proteins fall into two categories,
those whose activity is affected and those insensitive to the
aminoglycoside treatment. They also indicate that the concen-
trations needed to obtain a significant effect on protein activities
fall within a very limited range, that is, 2 to 4 m for rabbit
primary cultures. Indeed, this range is highly variable according
to the origin of the cells, which might be related to their ability
to take up and concentrate gentamicin [23, 24]. The fact that the
same concentration of gentamicin is required for the inhibition
of very different membrane protein species strongly suggests
that inhibition occurs through mechanisms that affect the mem-
brane itself. Gentamicin induces marked perturbations of phos-
pholipid metabolism both in vivo [6] and in cultured cells,
including primary cultures of rabbit proximal tubules [8]. These
perturbations result in changes in plasma membrane lipid com-
position and fluidity [20]. It is noteworthy that GGT and
sodium-alanine cotransport activities, which were unaffected
by gentamicin treatment during our experiments, are very
poorly affected by changes in membrane fluidity [25, 26]. On the
other hand, the sensitivity of the NaK-ATPase and of the
phosphate and glucose sodium-dependent transport systems,
which figured among the proteins inhibited by gentamicin, to
modifications in their lipid environment is well established [26].
The observation that for both Na-Pi and Natglucose cotrans-
ports inhibition is obtained through a decrease in the Vmax
leaving the affinity unchanged resembles that obtained when
fluidizing the cell plasma membrane by 30 to 40 mrs benzyl
alcohol [27]. Moreover, our data indicated that, in accordance
with a fluidity mediated effect, sodium-coupled glucose trans-
port inhibition was slightly more sensitive to gentamicin treat-
ment than Na-Pi. Whereas aminoglycoside toxicity results in
glycosuria [28], Levi and Cronin reported an inhibition of the
Na-phosphate cotransport but no effect on the sodium coupled
glucose carrier [20] in BBM preparations from gentamicin-
treated rats. The reasons for this difference between the two
series of results remain unexplained, but might be related to
slight differences in the immediate environment of carriers
leading, at an earlier stage of cytotoxic attack, to a more
localized change in lipid composition and/or physical state in
BBM.
Contrasting with the effects of gentamicin, addition of HgC12
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Fig. 4. Time-dependent inhibition of AMG uptake in primary cultures
of PTC grown in absence of glucose, by 0.5 mM (U) and 1.0mM (•) of
gentamicin. Values are the mean SD of 5 different cultures. *p < 0.05
as compared to controls.
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Table 1. Kinetics parameters of sodium-dependent AMG, alanine and Pi uptake in primary culture of proximal tubular cells
Km mM Vmax nmol/mg prot
AMG
uptake 6 mm
Ala
uptake 4 mm
Pi
uptake 4 mmConditions
AMG
uptake
Alanine
uptake
Pi
uptake
Control
Genta
HgCI2
1.9 0.31
2.31 0.36
2.26 0.38
0.25 0.20
—
0.37 0.1
0.042 0.010
0.029 0.009
0.028 0.008
37.8 3.1
21.3 2.1"
16.8 2.0"
7.6 1.6
—
4.0 Ø5
19.7 1.9
8.4 08b
8.0 0.5k'
Cells were incubated with increasing concentrations of AMG (0.375 to 24 mM), alanine (0.1875 to 20 mM) or Pi (0.003 to 3.2 mM) for 6, 4 and
4 minutes, respectively. Values reported are means SD evaluated for cells of at least three different cultures in which triplicates were obtained.
a P < 0.05 and b j < 0.01 indicate significant differences between control and cells treated with gentamicin 3.5 mrs for 48 hours (Genta) or
mercuric chloride 2 g/ml for 30 mm (HgCI2).
Table 2. Values obtained for the different enzymes tested in control
and cells treated with mercuric chloride 5 zg/ml for 30 mm
Enzymes Control HgCI2
GGT 500±66 480±68
mU/mg protein
DPPIV 42.0 2.8 39.3 2.5
mU/mg protein
NAP 89.7 9.6 86.2 7.6
mU/mg protein
NaK-ATPase 5,02 0.79 4.21 0.68
p.mol Pi/mg protemn/15 mm
Values presented are the means SD of at least four different
cultures. LDH activity was not determined in HgC12 treated cells
because it was shown that LDH is inactivated by mercuric chloride
(Smith et al, 1986, Boogaard et al, 1990).
to the cell culture, under conditions which do not affect enzyme
activities nor, as judged from trypan blue exclusion, cell viabil-
ity, resulted in the same inhibition of the three sodium-depen-
dent transport systems. Such a pattern, in absence of a detect-
able change in NaK-ATPase activity, strongly suggests that
exposure to HgC12 concentrations lower than 5 g/ml for short
periods of time affected the driving force of sodium-coupled
transports, the sodium gradient. It is noteworthy that van Hoek
et al reported a 15-fold increase in the permeability to NaCl [29]
of isolated brush border of rat kidney, treated in vitro by HgCl2
at concentrations lower than 10 LM, an effect which could not
be reversed by cystein or dithiothreitol. Although these authors
could not observe any effect of HgCl2 on permeability of
liposomes made of asolectin, this does not rule out the possi-
bility that HgCl2, through activation of phospholipases, might
have affected integrity of the membrane barrier. The large
increase in lysophospholipids and free fatty acids content of
LLC-PK, cells exposed to mercuric chloride for short periods
of time [2] reinforce the possibility for the existence of such a
mechanism. Moreover, low levels of lysophospholipids are
sufficient to lead to membrane disruption [30].
Finally, it has to be stressed that the same concentrations that
alter protein functions in gentamicin-treated cells are needed to
significantly increase LDH release. Whereas LDH release
reflects cell death and rupture of the cell membrane, alterations
in transport activities, under the experimental conditions cho-
sen, reveal impairments in functions of the remaining living
cells. Because the expression of apical cotransport systems is a
cardinal feature of proximal tubular cells, functional study of
these proteins provides an accurate estimate of specific toxicity
towards these cells. Additionally, comparison between several
U)
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Mercuric chloride, .igImi Mercuric chloride, pg/mi
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Ct
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Fig. 5. Sodium-dependent uptakes of AMG, alanine and phosphate
following treatment of primary cultures of PTC grown in absence of
glucose with different concentrations of mercuric chloride. Data are
also presented as % of the uptake obtained for control cells: AMG (•),
alanine (A) and phosphate (•). Values are the mean SD of 5 different
cultures.
cotransport systems may provide a first insight into the mech-
anism(s) involved in a drug-induced toxicity.
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